Geographical variation has been widely studied in oscine songbirds, with particular attention paid to the interplay between variables associated with learned song and dispersal. While most field-based studies have focused on discrete dialects, analysing data from quickly growing citizen science libraries could uncover geographical patterns in species previously thought to exhibit random variation in song. Specifically, using citizen science birdsong databases, we test whether chipping sparrow, Spizella passerina, song is geographically structured on a continental scale. The chipping sparrow is a particularly wellsuited species for this study, since individuals have a simple song of one repeated syllable, have only the beginning of their first breeding season to adjust their song before crystallization and have been shown to match their song to a nearby neighbour while establishing their first territory. If most chipping sparrows adopt a neighbour-matching strategy, we might expect local syllable similarity; in contrast, field studies have shown that local syllable diversity has been maintained over time. We analyse 820 individual recordings of the simple, yet diverse, song of chipping sparrows to assess whether long-range geographical patterns have formed despite this local song variation. We found significant correlations between song features and geographical distance, associated with longitude but not latitude: chipping sparrows in the eastern United States and Canada sing at a slower rate (fewer, longer syllables) than the western population. However, comparing individual syllable types between regions, we found diverse song types persist across this species' range. To better contextualize our findings, we re-evaluate available genetic sequences of chipping sparrows to test for genetic differentiation between the eastern and western populations in which we found song differences. Our results suggest that there are two culturally distinct subpopulations of migratory chipping sparrows that are genetically indistinguishable using mitochondrial DNA, motivating future studies on migration patterns and additional sequencing of nuclear DNA.
In the extensive body of literature on avian vocalizations, geographical variation has been a specific focus of many studies. The formation and accumulation of geographical variation in song is related to factors of song learning, such as locally transmitted copy errors or selective attrition, as well as to the dispersal patterns of birds at different life stages. (Aplin, 2019; Marler & Tamura, 1964; Nelson, 2000; Slabbekoorn & Smith, 2002; Slater, 1989 Slater, , 1986 . Furthermore, since song often serves the purpose of species identification and mate attraction (Catchpole & Slater, 2008) , geographical variation in learned song can potentially play a role in biological evolution: if females preferentially select males with local songs, then the local song could eventually act as a cultural barrier to gene flow (Baker & Mewaldt, 1978; Edwards et al., 2005; Irwin, Irwin, & Price, 2001; MacDougall-Shackleton & MacDougall-Shackleton, 2001; Marler & Tamura, 1962; Nottebohm, 1969; Patten, Rotenberry, & Zuk, 2004; Stewart & MacDougall-Shackleton, 2008) . Overall, variation in song can potentially be linked to reproductive isolation and speciation events either directly, by reinforcing population divergence (Irwin, Thimgan, & Irwin, 2008; Lipshutz, Overcast, Hickerson, Brumfield, & Derryberry, 2017; Martens, 1996) , or indirectly, as a by-product of other environmental selection pressures that result in acoustic or morphological adaptations (Bertelli & Tubaro, 2002; Cutler, 1970; Nottebohm, 1985; Ryan & Brenowitz, 1985; Schluter, 2000; Slabbekoorn, 2004; Wiley & Richards, 1978) .
Geographical variation in song has been described by three primary patterns: random, in which song characteristics have no correlation with geographical location; clinal, in which song varies gradually yet predictably with geographical distance; and distinct dialects, in which songs differ between geographically defined regions (Podos & Warren, 2007) . Distinct dialects have been the most commonly studied, since the sharp differences between dialects seemed likely to provide insights into evolutionary processes (Podos & Warren, 2007) . Previous research posits that song dialects could have evolved through multiple mechanisms, including through adaptation to the local environment, as a response to social factors such as female preferences, or simply by neutral cultural drift, in which song is locally learned and copy errors accumulate regionally (Andrew, 1962; Marler & Tamura, 1962; Nottebohm, 1969; Podos & Warren, 2007; Rothstein & Fleischer, 1987) . Most tests of these hypotheses have relied upon fieldwork, as it is well suited to capture the variability between populations with distinct song differences and to characterize the sharp transitions between dialects (Baker, 1975; Borror & William, 1965; Chilton, Wiebe, & Handford, 2002; MacDougall-Shackleton & MacDougall-Shackleton, 2001; Marler & Tamura, 1964; McGregor, 1980; Nicholls, Austin, Moritz, & Goldizen, 2006; Nottebohm, 1969; Shizuka, Ross Lein, & Chilton, 2016; Wilkins et al., 2018) . However, discrete local dialects are relatively rare in songbird species (Slater, 1989 (Slater, , 1986 . In fewer studies, fieldwork has detected clinal patterns, with more continuous shifts in song properties across geographical regions, generally across a range of 10 to several hundred kilometres (Cicero & Benowitz-Fredericks, 2000; Dalisio, Jensen, & Parker, 2015; Falls, Krebs, & McGregor, 1982; Janes, Ryker, & Ryan, 2017; Lee, Podos, & Sung, 2019; Schook et al., 2008; Sung & Handford, 2006) . Together, this leaves song variation understudied in the numerous species that lack these shortrange geographical song patterns. We propose that for the remaining populations, in which songs have random variation at a local scale, there could be long-range geographical patterns that would not be immediately apparent, even when comparing multiple focal studies ( Fig. 1a ). More broadly, site-specific field studies are not ideally suited to finding long-range geographical patterns in songs, and a more continuous geographical sampling of songs across the species range could reveal such patterns ( Fig. 1b) .
Recently, some groups have begun taking advantage of welldistributed data sets accumulated by citizen scientists and have found spatial variation in song across large geographical ranges (Bolus, 2014; Kaluthota, Brinkman, dos Santos, & Rendall, 2016; Roach & Phillmore, 2017; Weir, Wheatcroft, & Price, 2012) . We take a similar approach to ask whether range-wide trends in song can be uncovered for species with high degrees of local song variation. Here, we synthesize and leverage recordings from previous field studies (Liu, 2004; Liu & Kroodsma, 2006 Liu & Nottebohm, 2007) and public repositories of birdsong (Cornell Lab of Ornithology, 2009; Nelson & Gaunt, 1997; Planqu e & Vellinga, 2005) to facilitate a large-scale examination of geographical song variation across North and Central America in the chipping sparrow. The chipping sparrow is well suited to this type of study, as there is local variation of syllable types within the population, but each individual sings one, relatively simple song type, composed of a single syllable repeated at a relatively constant rate (Borror, 1959; Marler & Isaac, 1960 ) (see Results, Fig. 3m ). The chipping sparrow has been recorded extensively, with database entries covering the chipping sparrow's entire range in Canada, the United States, Mexico and parts of Central America. Past sitespecific studies have been conducted on the chipping sparrow to investigate both song development and performance (Goodwin & Podos, 2014; Liu, 2004; Liu & Kroodsma, 2006 as well as to compare songs across multiple states (Borror, 1959) ; however, no vocalization study has explored geographical variation across the entire chipping sparrow range.
While chipping sparrows have very simple songs, they exhibit two layers of complexity that make them particularly interesting to study in the context of geographical variation: they have seasonal migration in a subset of their geographical range (Supplementary material 1, Fig. S1 ), and they can briefly modify their songs after they establish a territory. During their hatch year, chipping sparrows can learn song from conspecific tutors as juveniles, and then, immediately after their first spring migration, they have the potential to show learning plasticity (Liu & Kroodsma, 1999; Liu & Nottebohm, 2007) . Studies of chipping sparrows show that first-year males often produce a song with syllables that closely match the song of a bird on a neighbouring territory, even if that song type differs from those of the yearling's father and other males near his natal territory (Liu & Kroodsma, 2006) . After this first breeding season, the chipping sparrow's song crystallizes, and each male sings one song for the rest of his life (Liu & Kroodsma, 2006 Figure 1 . Schematic illustrating how citizen science data could reveal geographical patterns when song variation appears random at the local scale of field studies. Field studies have proven useful in characterizing many types of geographical variation in song including random, clinal and dialect patterns (Podos & Warren, 2007) ; however, these site-specific studies are less well suited for finding large-scale structure across a continent. Citizen science data, which provides recordings collected more continuously across a species' range, is better suited to finding long-range patterns in song for species that seem to have short-range random variation. (a) As an example, we show a map of North America, which encompasses the entire chipping sparrow range (Supplementary material 1, Fig. S1 ), with points indicating theoretical field sites, within which songs have no geographical structure. (b) Citizen science recording locations that are often well distributed across a species' entire range could better detect large-scale geographical trends in song, such as higher values in the East than in the West, than the punctate measurements from fieldwork. Geographical maps were made using ArcMap v.10.7 and country outlines are from Esri (DeLorme Publishing Company, Inc., map projection, North_America_Lambert_Conformal_Conic, WKID: 102009 Authority: Esri).
Since a male chipping sparrow's song can be influenced by his neighbours after his first migration, the syllable types of successful birds, such as those with large or long-held territories, could gain prominence in one region. Over time, this pattern of song learning could lead to regional differences in chipping sparrow syllable types that would be analogous to the local dialect structure observed in other sparrow species (Baptista, 1977; Baptista & King, 1980; DeWolfe, Kaska, & Peyton, 1974; Marler & Tamura, 1962; Shizuka et al., 2016; Tubaro, Segura, & Handford, 1993) . However, chipping sparrows show a more complex geographical distribution of songs, with many syllable types coexisting in the same region (Borror, 1959; Liu & Kroodsma, 2006) . This local variation is thought to be attributed in part to copy errors but even more so to low territory site-fidelity; males will often abandon their territory after an unsuccessful breeding season, resulting in short-range dispersal (Liu & Kroodsma, 2006) . Studying chipping sparrows on a large spatial scale could reveal interesting regional patterns of conformity in certain song features (e.g. syllable durations and frequency) despite varied syllable types on a local scale.
With corresponding genetic information, one could examine the role of song variation in biological evolution. However, chipping sparrow genetic variation remains understudied and somewhat unresolved. For example, an early study of chipping sparrow genetic variation used restriction fragment analysis of mitochondrial DNA (mtDNA) and found no geographical variation across the United States and Canada (Zink & Dittmann, 1993) . A more recent study analysed mitochondrial control region (mtDNA CR) sequences from across both North and Central America to examine the ancestry of the migratory chipping sparrow population, finding evidence that the migratory population descended from the sedentary population that resides in Mexico, not Guatemala (Mila, Smith, & Wayne, 2006) . Their results suggest that the expansion of chipping sparrows from Mexico into the United States and Canada occurred in the 18,000 years since the last glacial maximum. Some studies of invasive species indicate that signatures of geographical population structure can arise on much shorter timescales (i.e. the few hundred years since the invasion event) (Rollins, Woolnough, Wilton, Sinclair, & Sherwin, 2009; Van Leeuwen et al., 2012) , indicating that it could be possible to detect genetic differentiation in chipping sparrows since the last glacial maximum. Lastly, chipping sparrow cytochrome oxidase I (COI) sequences have been gathered, primarily for phylogenetic studies aimed at determining taxonomic relationships, divergence times and selection pressures (Kerr, 2011; Kerr et al., 2007; Tavares & Baker, 2008) , but these sequences have not been used to study chipping sparrow genetic variation.
We hypothesize that both song and genetic variation should have a geographical signature in the cross-continental chipping sparrow population. In particular, we predict that birds that are further apart geographically should show greater genetic distance as well as greater song divergence. However, the combination of first-year song plasticity, seasonal long-distance migration and short-range dispersal in chipping sparrows could disrupt the relationship between geography, genes and song. For example, the population could be genetically well-mixed due to nonphilopatric migration while still maintaining song structure due to the postmigration song plasticity. Even with low sitefidelity, song types could vary locally while general song characteristics (e.g. duration and frequency measures) could be spread and maintained across long ranges. Thus, we aim to use quantitative song analysis of citizen science recordings to assess large-scale geographical signatures of chipping sparrow songs and evaluate these patterns in the context of their genetic structure.
METHODS

Gathering Chipping Sparrow Song Data
To determine whether there are patterns in song variation across the chipping sparrow's entire geographical range, we leveraged the data collected by citizen scientists across the United States, Canada and Central America. Specifically, we assembled chipping sparrow recordings from an intensive field study conducted between 1997 and 2008 (Liu, 2004; Liu & Kroodsma, 2006 Liu & Nottebohm, 2007) as well as from available databases: the Macaulay Library at the Cornell Lab of Ornithology (Cornell Lab of Ornithology, 2009), Borror Laboratory of Bioacoustics (Nelson & Gaunt, 1997) and Xeno-canto (Planqu e & Vellinga, 2005) . For each of the songs used in this analysis, we compiled the year of the recording and the latitude and longitude of the recording location ( Fig. 2a ). All songs had a provided latitude and longitude or a stated location for which we could estimate a latitude and longitude. If songs did not have the necessary metadata available for a particular test, they were not included in the corresponding analyses.
The recordings and their metadata were manually examined for evidence that multiple recordings were of the same individual bird. In the absence of observable syllable differences to discriminate between individuals or field notes dictating that two individuals were recorded, seemingly identical song samples recorded in a single location (matching latitude and longitude coordinates) within one calendar year were considered duplicate recordings of one bird. Similarly, all files with matching location but without a date were considered to be recorded in the same year as each other. Then for all duplicates, either the least noisy bout was kept, or if there was no clear difference, one bout was randomly selected, eliminating all others. We implemented this conservative method to reduce the chance that our analysis would be biased by multiple recordings of one individual, with some risk that we eliminated neighbouring pairs of individuals in which one bird had accurately imitated another.
In total, we gathered 1078 recordings of chipping sparrows; we excluded 132 song files due to repeated recording of the same bird and 126 recordings due to noise levels, leaving 820 song files (see Supplementary material 2 for references), each a representative song of an individual chipping sparrow, for analysis.
Bout Selection and Analysis
To analyse chipping sparrow song features, we imported the recordings into Audacity (http://www.audacityteam.org/) and chose the song bout of best quality from each, which was ideally free of interfering birdsong, human voices or excessive noise, since any competing signals complicate syllable segmentation and comparison. When multiple acceptable bouts were present in a recording, we selected one bout of typical length to include in the analysis. We exported the selected bout in WAV format sampled at 44 100 Hz. We conducted signal processing, noise reduction (highpass filter and signal reduction) and segmentation of bouts into syllables in Chipper (Searfoss, Pino, & Creanza, in press ), software we developed for this purpose in Python (full code and documentation for Chipper is available on github; see Data Availability). In brief, this software computes a Gaussian-windowed spectrogram (based on code from Gardner & Magnasco, 2006) and binarizes this spectrogram such that the top 3% of a signal is retained for assessing syllable boundaries. Syllable beginnings (onsets) and endings (offsets) are then automatically detected by summing the columns of the spectrogram (resulting in a vector of total signal intensity over time) and then finding the element positions (or time points) at which there is a change from no signal to signal or vice Figure 2 . Geographical location of song recordings and mitochondrial genetic data. (a) The geographical distribution of song recordings is shown. For most geographical analyses, we used latitude and longitude, but for discrete geographical comparisons of song recordings, we analysed song data between regions defined based on putative subspecies' ranges (see Methods). The ranges for the subspecies north of Mexico are adapted from Zink and Dittmann (1993) . (b) The sampling location of each previously published mtDNA control region sequence (Mil a et al., 2006) and cytochrome oxidase I (COI) sequence is indicated on the map (see Methods for GenBank accession numbers). The size of each circle indicates the number of sequences sampled at that location. Geographical maps were made using ArcMap v.10.7 and country outlines are from Esri (DeLorme Publishing Company, Inc., map projection, North_America_Lambert_Conformal_Conic, WKID: 102009 Authority: Esri). versa. A syllable is removed if it is shorter than 6.3 ms, and two syllables are merged if the silence between them is shorter than 3.2 ms. Next, we could adjust this automatic segmentation, if necessary, in several ways: by normalizing the signal amplitude, by using a high-pass filter to remove low-frequency noise, by changing the amount of signal retained in the binary matrix, and by adjusting the minimum syllable duration and the minimum intersyllable silence duration within Chipper. Once the semi-automated segmentation is complete, intersyllable comparison is calculated by using a constrained sliding window algorithm to find the maximum overlap between two binary syllables. Syllables are considered the same if the overlap is greater than a user-defined threshold. Chipper further divides syllables into notes defined as any fourconnected signal in the binary matrix with a number of pixels greater than a user-specified threshold. For our analysis of chipping sparrow songs, we used a low intersyllable maximum overlap threshold of 40%, as we knew the characteristic song only contains one syllable type. We set the threshold for note size to 120 pixels. Ultimately, Chipper calculated 16 song features for each recording, defined below. Each feature was log-transformed if the distribution of data was not normal; the only syllable features that did not need to be log-transformed were mean stereotypy of repeated syllables and the standard deviation of note frequency range (see Supplementary material 3).
We calculated 16 song features in the following manner: (1) mean note duration, calculated as mean(time of note ending À time of note beginning); (2) mean note frequency range, calculated as mean(note maximum frequency À note minimum frequency); (3) mean note minimum frequency, calculated as mean(minimum frequency of each note); (4) mean note maximum frequency, calculated as mean(maximum frequency of each note); (5) mean intersyllable silence duration, calculated as mean(time of syllable onset À time of previous syllable offset); (6) mean syllable duration, calculated as mean(time of syllable offset À time of syllable onset); (7) mean syllable frequency range, calculated as mean(syllable maximum frequency À syllable minimum frequency); (8) mean syllable minimum frequency, calculated as mean(minimum frequency of each syllable); (9) mean syllable maximum frequency, calculated as mean(maximum frequency of each syllable); (10) duration of song bout, calculated as (time of last syllable offset À time of first syllable onset); (11) mean stereotypy of repeated syllables, calculated as the mean percentage similarity for sets of syllables that were deemed repetitions of the same syllable; (12) number of notes per syllable, calculated as (total number of notes)/ (total number of syllables); (13) syllable rate, calculated as (number of syllables)/(bout duration); (14) total number of syllables, calculated as the number of syllable onsets in a bout; (15) standard deviation (SD) of note duration, calculated as SD(time of note ending À time of note beginning); (16) standard deviation of note frequency range, calculated as SD(note maximum frequency À note minimum frequency). Each of these features was calculated for the 820 songs.
Comparing Xeno-canto Song Properties to Other Databases
To determine whether the compressed format (MP3) of recordings downloaded from Xeno-canto affects the song features measured (see, e.g. Araya-Salas, Smith-Vidaurre, & Webster, 2017), we compared the song features of recordings collected from Xenocanto to those from Macaulay Library, Borror Lab of Bioacoustics and Dr Wan-chun Liu. We restricted this analysis to the eastern U.S./Canada to avoid confounding geographical patterns with recording quality differences. We performed a Wilcoxon rank-sum test (function 'ranksums', SciPy module from Python; Jones, Oliphant, & Peterson, 2001) to determine whether each of the song features differed between Xeno-canto recordings and the recordings from other databases. For stringency, we conducted a Bonferroni correction for multiple hypothesis testing by dividing the P value threshold for significance (a ¼ 0.05) by the number of tests. Overall we performed three Wilcoxon rank-sum tests on each of 16 song features, so the threshold for significance was lowered to a adjusted ¼ 1.0 Â 10 -3 .
Analysis of Geographical Structure in Song, Note and Syllable Properties
In visualizing the geographical spread of the pooled recordings, we found a few over-represented locations in our data set, especially in the eastern United States (Supplementary material 1, Fig. S2a ). The locations (rounding latitude and longitude to two decimals) with 25 or more recordings were as follows: . Over-representation was generally due to a field study of chipping sparrows conducted in that location. Thus, we conducted both Wilcoxon rank-sum tests and BrowneForsythe tests for equality of variance in non-normal distributions (function 'levene(centre ¼ 'median')', SciPy module from Python; Jones et al., 2001) between each of these five sites and the other eastern U.S./ Canada recordings. After Bonferroni correction for five tests on each of the 16 song features, a adjusted ¼ 6.25 Â 10 -4 .
To avoid pseudoreplication in our subsequent song analyses, we conducted statistical tests before and after downsampling the song data by location. To perform this downsampling, we rounded the latitudes and longitudes to two decimal places (~1 km) and then randomly selected one song from each rounded latitude/longitude pair; this resulted in a downsampled data set of 335 songs (Supplementary material 1, Fig. S2b ). We repeated this sampling procedure 1000 times, performing the statistical test on each subset of songs and recording the maximum and minimum values for each test conducted.
To determine whether songs vary across their geographical range, we calculated Spearman rank correlations between the 16 song features and the latitude and longitude of the recordings. We conducted a Bonferroni correction for multiple hypothesis testing: two tests on 16 song features, a adjusted ¼ 1.56 Â 10 -3 . For continuous analyses, all 820 song recordings were used.
To further examine the relationship between location and song variation, we calculated a pairwise geographical distance matrix between latitudes and longitudes of collection sites for all song recordings using the great-circle distance (the shortest distance between two points on a sphere). For each song feature, a song distance matrix was calculated using Euclidean distance (function 'dist', R package 'stats'; R Core Team, 2019), resulting in 16 song feature distance matrices that each corresponded to the geographical distance matrix. We then tested whether the song distance between chipping sparrows for each of the 16 song features was significantly correlated with the geographical distance between their sampling locations using Mantel tests (Mantel, 1967) (function 'mantel', R package 'vegan'; Dixon, 2003) with 100,000 permutations. When performed on the 1000 downsampled data sets, each Mantel test was run with 10,000 permutations. After Bonferroni correction for 16 Mantel tests on the song data, the threshold for significance was lowered to a adjusted ¼ 3.13 Â 10 -3 .
Since we observed clustering in song features across longitudes that potentially corresponded to subspecies boundaries, we also conducted discrete analyses. To inform our categorization of recordings into discrete geographical regions, we examined r s = 0.39 P < 10 -29** r s = -0.10 P = 0.003 r s = 0.16 P < 10 -5* Figure 3 . (ael) Regional differences in chipping sparrow song structure and frequency. Southern region (Mexico and Guatemala): orange dots; Western U.S./Canada: green dots; Eastern U.S./Canada: blue dots. Box plots show the median, upper and lower quartiles, whiskers (25% quartile À 1.5 Â IQR, 75% quartile þ 1.5 Â IQR) and all data points including outliers. Significant results are indicated between populations (Wilcoxon rank-sum tests: *P < 10 -3 ; **P < 10 -10 ). Scatter plots show all 820 data points, a linear regression model fit and 95% CI. Spearman's rank correlation coefficients (r S ) are listed above each plot along with the P value (*P < 10 -3 ; **P < 10 -10 (Clements et al., 2019) , but the American Ornithologists' Union checklist has not listed any chipping sparrow subspecies since 1983 (Chesser et al., 2019) . Furthermore, a mitochondrial study found no genetic differentiation within the United States and Canada (Zink & Dittmann, 1993) . This provides the only subspecies map available for chipping sparrows; thus, we used this map to identify potential boundaries for the two putative subspecies (S. p. passerina and S. p. arizonae). It should be noted that their map divides the western United States into S. p. arizonae and S. p. boreophila, but these subspecies have since been combined into S. p. arizonae (Clements et al., 2019) . Additionally, since their map boundaries were hand-drawn, we leave some recordings near the boundaries unclassified to be conservative. The adjusted boundaries to include this conservative categorization roughly align with the following: Eastern (latitude > 25 , longitude > À90 ), Western (latitude > 25 , longitude < À105 ) and Southern (latitude < 25 , all longitudes) ( Fig. 2a ). To avoid ambiguity, the Middle region was excluded from any discrete geographical analysis. For each pair of regional categories, we performed a Wilcoxon rank-sum test to determine whether each of the song features differed between regions. After Bonferroni correction for three Wilcoxon rank-sum tests for location on each of 16 song features, a adjusted ¼ 1.0 Â 10 -3 .
We performed a Wilcoxon rank-sum test to compare the years of recordings between the Eastern and Western regions both before and after downsampling by location.
Song Features as Geographical Classifiers
To evaluate how well the song features serve as predictors for classifying song recordings into their respective regions (Eastern or Western U.S./Canada) that correspond to putative subspecies ranges, we created a Gaussian Naive Bayes classifier (function 'GaussianNB', Scikit-learn module in Python; Pedregosa et al., 2011) . To train the classifier, we fitted the Gaussian Naive Bayes model to 67% of our song data, leaving 33% of the data for testing. Only songs classified as from Eastern or Western U.S./Canada were used in the training and test sets as the Middle U.S./Canada had no ground truth for being considered Eastern or Western and there were too few Southern songs to split into a training and test set. We trained our model four different ways: (1) with all 16 song features, (2) with each of the song features independently, (3) with all pairs of song features and (4) with all combinations of three song features. Using each trained model, we predicted the region for each song in our test set, and reported the accuracy of the classifier.
Principal Component and Procrustes Analyses
Since some song features were correlated with one another, we reduced the dimensionality of the song data by performing a principal component analysis (function 'PCA', Scikit-learn module in Python; Pedregosa et al., 2011) on the matrix of 16 song features calculated for each of the 820 songs. To quantify the relationship between these principal components and geography, we performed a Procrustes analysis (function 'procrustes', SciPy module in Python; Jones et al., 2001) of the song feature PCs versus the geographical coordinates of the recording sites. This analysis compares the two-dimensional locations of each song in principal component space (PC1 versus PC2) to their corresponding geographical sampling locations, rotating and rescaling the PC plot to find the best overlap by minimizing the sum of squared errors (Wang et al., 2010) ; we calculated a dissimilarity statistic D, the minimized sum of squares of the pointwise differences between the PCs and geographical distances. We calculated empirical P values by running 10 5 permutations of geographical locations and assessing the number of randomized locations that provided a better fit to the data than the actual sampling locations. When performed on the 1000 downsampled data sets, each Procrustes analysis was run with 10,000 permutations. We also calculated the Pearson correlation coefficients between the first two principal components and the latitudes and longitudes of the recordings.
Syllable Types
To detect spatial dynamics in chipping sparrow syllable types, we first determined which birds were singing the same syllables. By comparing one representative syllable from each chipping sparrow song in Audacity, we classified the 820 songs into 112 chipping sparrow syllable types by hand. These 112 types were further grouped into similar categories based on the shape of the syllable: up-down (up-slur followed by down-slur), down-up (down-slur followed by up-slur), sweep (single up-slur or down-slur), complex (more than two slurs), doubles (a slur with multiple frequencies) and buzz (syllable containing some buzzy phrase). To show the relative number of recordings of each syllable type and also the number of syllable types in each syllable category, we plotted a stacked histogram of the number of recordings of a syllable type coloured by the region. The syllable types are organized by category; these categories are ordered from the one with the most to least number of recordings. Within each category, the syllable types are also ordered from highest to lowest frequency. To determine the most common syllable categories in each region, we controlled for number of recordings from each region and plotted the percentage of syllable types from that region that were in each category.
Collection and Sequence Alignment of Publicly Available Chipping Sparrow Genetic Data
We obtained all publicly available chipping sparrow sequences from GenBank and recorded the corresponding sampling location of each based on information provided in the genetic databases and accompanying publications. This included one set of 247 mtDNA control region sequences (328 base pairs, accession numbers AY862812-AY862852; Mil a et al., 2006) and 21 cytochrome oxidase subunit I sequences (610-831 base pairs; accession numbers AY666225, AY666348, DQ433193, DQ434762, DQ434763, DQ434764, DQ434765, DQ434766, EU525508-EU525509, HM033820-HM033829, JN850724). JN850724 did not have detailed location information, only country and state; thus, we were not able to include it in analyses that required geographical distance. For each set of sequences, we performed multiple sequence alignments with MAFFT (Katoh & Toh, 2008) using G-INS-i, a method optimized for sequences that can be fully aligned.
Correlations Between Genetic and Geographical Distance
We calculated a pairwise geographical distance matrix between latitudes and longitudes of collection sites for the mtDNA CR sequences using the great-circle distance (the shortest distance between two points on a sphere), and we repeated this procedure for the sampling locations of the COI sequences. A corresponding genetic distance matrix was calculated for each (function 'dist.dna', R package 'ape'; Paradis, Claude, & Strimmer, 2004) with Kimura's two-parameter distance (Kimura, 1980) . We then tested whether the genetic distance between chipping sparrows was significantly correlated with the geographical distance between their sampling locations using a Mantel test (Mantel, 1967) with 1,000,000 permutations for both data sets. We performed Mantel tests for mtDNA CR and COI sequences separately, using only sequences from the United States and Canada.
The Mantel test results provide a continuous measure of correlation between geographical and genetic distance. To better understand the genetic variation in the chipping sparrow between regions, we performed an analysis of molecular variance (AMOVA) and calculated F ST for the grouping into Eastern and Western regions (Excoffier & Lischer, 2010; Excoffier, Smouse, & Quattro, 1992) . These are commonly used statistics in population genetics that enable researchers to quantify and compare the genetic variation within versus between groups to assess whether two populations are genetically differentiated. We used Arlequin v.3.5.2.2 (Excoffier & Lischer, 2010) to conduct the AMOVA (Excoffier et al., 1992) and calculated the fixation index, F ST (Weir, 1996; Weir & Cockerham, 1984) for both mtDNA CR sequences and COI sequences. For both the mtDNA CR sequences and the COI sequences, we used the same division of samples into Eastern and Western regions of the U.S./Canada as was conducted for songs: the Eastern region corresponded to the S. p. passerina range and the Western region corresponded to the S. p. arizonae range. Two COI sampling locations fell outside of these defined regions, so they were not included in the AMOVA. For all tests, Kimura's two-parameter distance was calculated with pairwise deletion of gaps and missing data, and 10,100 permutations were run to calculate an empirical P value. We set the parameter for 'allowed missing level per site' to 0.5 such that no sites were eliminated due to missing data. Sequence transversion, transitions and deletions were all given the same weight of 1.
We created minimum spanning networks (epsilon ¼ 0) (Bandelt, Forster, & Rohl, 1999) with Population Analysis with Reticulate Trees (PopART) (Leigh & Bryant, 2015) to visualize haplotype maps for both mtDNA CR and COI sequences.
RESULTS
Comparing Xeno-Canto Song Properties to Other Databases
When testing whether the MP3 file format of Xeno-canto recordings led to systematic song feature differences, we found that only the mean stereotypy of repeated syllables was significantly different between Eastern songs collected from Xeno-canto versus Macaulay Library, Borror Laboratory of Bioacoustics or Dr Wanchun Liu (Wilcoxon rank-sum test: P < 10 -3 ; Supplementary material 3, Table S1 ). Thus, significant differences in mean stereotypy in subsequent results should be interpreted with caution. Similarly, from parsing these recordings in Chipper, we noticed that, for chipping sparrows, corresponding syllable and note measurements (e.g. syllable maximum frequency and note maximum frequency) showed similar patterns, but note measurements from low-quality recordings were less reliable than corresponding syllable measurements. Thus, we provide syllable measurements in the main text and note measurements in the supplementary material.
Analysis of Geographical Structure in Song, Note and Syllable Properties
There was no significant difference in the variance (BrowneForsythe test) of any song feature between the Eastern U.S./Canada recordings and those from the five over-represented sites (central and north Columbus, OH; Ashley, OH; Amherst, MA; and Ware, MA). The mean stereotypy of repeated syllables was greater in northern Columbus, Ohio than in the rest of the Eastern U.S./Canada (Wilcoxon rank-sum test: P ¼ 4.17 Â 10 -4 ; Supplementary material 1, Fig. S3 ).
Geographical variation in song features was evident across the range of the chipping sparrow: many song features correlated with longitude, whereas no song features correlated with latitude (Table 1, Fig. 3 , Supplementary material 1, Table S2 , Fig. S4 ). Specifically, mean intersyllable silence duration, mean syllable duration, mean syllable frequency range, mean syllable maximum frequency, mean note minimum frequency, number of notes per syllable and standard deviation of note duration all had a significant positive correlation with longitude (Spearman rank correlation: r S ! 0.139, P < 10 -3 ) whereas syllable rate and total number of syllables had a significant negative correlation with longitude (r S À0.359, P < 10 -25 ), even after downsampling by location (Supplementary material 1, Table S3 ).
There was a statistically significant correlation between geographical distance and distances of mean intersyllable silence duration, mean syllable duration, mean syllable maximum frequency, syllable rate, total number of syllables and mean note minimum frequency (Mantel test: P < 10 -5 , indicating that no permutation was better associated with geography than the real data) ( Table 1 , Supplementary material 1, Table S2 ). These song features remained significant after downsampling (Supplementary material 1, Table S4 ).
After applying a Bonferroni correction (a adjusted ¼ 1.0 Â 10 -3 ), most song features differed significantly between longitudinal categories (Eastern versus Western), with mean intersyllable silence duration, mean syllable duration, mean syllable frequency range, mean syllable maximum frequency, syllable rate, total number of syllables, mean note duration, mean note minimum frequency and mean note maximum frequency showing strong significance (Wilcoxon rank-sum test: P < 10 -10 ; all remained significant after downsampling by location; Table 1 , Fig. 3,  Supplementary material 1, Fig. S5 , Table S2 , results for downsampled data set in Table S5 ). Number of notes per syllable and standard deviation of note duration between Eastern and Western U.S./Canada were also significantly different (10 -10 < P < 10 -3 ), even after downsampling by location. For comparisons between Western and Southern songs, only mean intersyllable silence duration, syllable rate and total number of syllables were significantly different (10 -10 < P < 10 -3 ) ( Table 1, Fig. 3, Supplementary material 1, Fig. S5 ), even after downsampling by location (Supplementary material 1, Table S5 ). No significant differences were found between the Eastern and Southern categories ( Table 1 , Supplementary material 1, Table S2 ).
A Wilcoxon rank-sum test indicated that the distributions of recording years were statistically different (P < 10 -7 ); certain years were more represented in the Eastern versus Western regions. We hypothesized that this difference was due to the overrepresentation of field studies conducted at specific time points in specific locations. After downsampling by location, there was no significant difference in the year of recordings between Eastern and Western regions (P min ¼ 0.535, P max ¼ 0.925).
Song Features as Geographical Classifiers
Our Gaussian Naive Bayes classifier was 82.5% accurate (72.2 e 83.3% accurate after downsampling) at predicting the region of the recorded song when all 16 song features were used to train the model (Supplementary material 1, Table S6 ). Certain features were more accurate predictors than others; when mean intersyllable silence duration, syllable rate and total number of syllables were used individually to train the model, the classifier was at least 78% accurate (80.5%, 79.7% and 78.5%, respectively; 75.0e88.0%, 74.1e83.3% and 69.4e79.6% accurate after downsampling). For all other individual features, classification was greater than 73% accurate (Supplementary material 1, Table S6 ).
When two features were used in combination to train the model, some pairs were more accurate than any individual feature, whereas other pairs were less accurate. All classifiers trained on a pair of song features were more than 70% accurate, with the most accurate being 84.9% accurate (79.6e88.9% accurate after downsampling) when mean intersyllable silence duration and mean note minimum frequency were paired. When three features were used in combination to train the model, all classifiers were again more than 70% accurate; the most accurate combination was mean intersyllable silence duration, mean note minimum frequency and mean note duration, with 87.6% accuracy (82.4e92.6% accuracy after downsampling).
Principal Component and Procrustes Analyses
Conducting a principal component analysis (PCA) of 16 song features for all 820 songs, we found the first two principal components explained 32.1% (31.2e34.4% after downsampling) and 20.3% (21.2e22.8% after downsampling) of the variance, respectively. When we examined the PC loadings, the song features that were correlated with longitude (Table 1 , Supplementary material 1, Table S2 ) were also most heavily weighted in the first principal component even after downsampling by location (Supplementary material 1, Table S7 ). When we plotted these first two PCs, we found some regional structure, but the samples from different regions did not form fully separate clusters (Supplementary material  1, Fig. S6 ). Using Procrustes analysis, we found a significant association (D ¼ 0.883, P < 10 -5 ) between the first two principal components and the geographical locations of recording sites. With downsampling, there was still a significant association (D min ¼ 0.837, D max ¼ 0.883, P < 10 -4 ). By far, the strongest geographical association was between the first principal component and longitude (Pearson correlation: r 818 ¼ 0.42, P < 10 -35 ; downsampled: P min < 10 -25 , P max < 10 -16 ). The first principal component was weakly correlated with latitude (r 818 ¼ À0.10, P ¼ 0.003; downsampled: P min < 10 -4 , P max ¼ 0.004). The second principal component was weakly correlated with both longitude (r 818 ¼ À0.13, P < 10 -3 ; downsampled: P min < 10 -4 , P max ¼ 0.037) and latitude (r 818 ¼ 0.13, P < 10 -3 ; downsampled: P min < 10 -3 , P max ¼ 0.029).
Syllable Types
We categorized syllables from 820 recordings into 112 distinct syllable types (Supplementary material 1, Table S8 , Fig. S8, Fig. 4a ).
The syllable categories ranked by overall commonality were updown, buzz, down-up, sweep, double and complex (Fig. 4) . We found the most common syllable categories in the Eastern U.S./ Canada to be up-downs, those in Western U.S./Canada to be buzz, and those in the Southern region to be both up-downs and sweeps (Fig. 4b) .
Correlations Between Genetic and Geographical Distance
We reanalysed the publicly available sequence data over the same region in which we found song differences (Fig. 2b) : the United States and Canada. The geographical locations of the COI data, with samples from only Canada and the United States, did not correlate with genetic distances (Mantel test: r ¼ À0.095, P ¼ 0.838; Table 2 ). We also tested the U.S./Canada subset of the control region sequences and found no significant relationship between genetic and geographical distance (r ¼ À0.077, P ¼ 0.963).
When the United States and Canadian populations were divided into Eastern and Western regions, there was no significant population genetic structure (P ¼ 0.121) in the mtDNA CR, with 99.11% of variance from within populations; thus, we cannot reject the null hypothesis that the United States and Canada represent a single interbreeding population of chipping sparrows. This was also true for the COI sequences when divided into Eastern and Western groups (P ¼ 0.983); in these sequences, there was more variation within Eastern and Western groups than between them ( Table 2) .
The haplotype maps support the AMOVA and F ST results, showing that many of the COI and CR samples from the Eastern and Western United States and Canada had identical genetic sequences (Supplementary material 1, Fig. S7 ).
DISCUSSION
Oscine songbirds are an ideal model system to test the broad hypothesis that population structure can extend to cultural traits: some species learn song from their fathers and nearby neighbours and then disperse short distances to establish a new territory, which could lead to both short-range and long-range patterns of geographical variation (Baker & Mewaldt, 1978; Lipshutz et al., 2017; MacDougall-Shackleton & MacDougall-Shackleton, 2001; Marler & Tamura, 1964; Nottebohm, 1969; Podos & Warren, 2007) . While much research has been conducted on geographical variation in avian vocalizations, most studies use fieldwork that is limited in geographical coverage compared to a species' entire range. Even when multiple field sites are surveyed across a species' range, the sampling between locations is often discontinuous (Chilton et al., 2002; Irwin, 2000; Nicholls et al., 2006; Shizuka et al., 2016; Sosa-L opez, Mennill, & Navarro-Sigüenza, 2013; Wilkins et al., 2018) . This method of data collection has proven useful for establishing and comparing short-range patterns in which the geographical variation has clear boundaries between populations, ultimately favouring the study of dialects. We believe the abundance of well-distributed citizen science contributions to libraries of natural sounds provides a unique opportunity to study long-range geographical variation, particularly in populations that appear to have no clear differences within and between discrete sites (Fig. 1) .
Here, we present the largest analysis of chipping sparrow song recordings to date. We leverage large, publicly available data sets of natural sounds along with recordings from past field studies (820 recordings in total) to examine song variation across the full range of the chipping sparrow ( Fig. 2a, Supplementary material 1, Fig. S1 ), a songbird that appears to have random song variation at a local scale (Liu & Kroodsma, 2006) .
By quantifying and analysing song features across a relatively even geographical distribution of recordings, we observed a broad pattern of geographical song differentiation across the species' range previously unnoticed by more localized studies (Borror, 1959) . We found strong differences in song across longitudes in the U.S./Canada but minimal differences across latitudes ( Fig. 3, Table 1, Supplementary material 1, Fig. S4, Fig. S5 , Table S2 ). We note that the chipping sparrow is sedentary in the southernmost subset of its range (Middleton, 1998; Mil a et al., 2006) ; since we had few song recordings from Mexico and Guatemala, we focused our analysis on the United States and Canada, where the chipping sparrow is seasonally migratory ( Fig. 2a, Supplementary material 1, Fig. S1 ). Across our sample in the U.S. and Canada, Western birds produced bouts of similar length to Eastern birds ( Fig. 3g and h) . However, on average, the songs of the Western birds contained more syllables (Fig. 3e and f) that were shorter (Fig. 3a, b ) and sung at a faster pace (Fig. 3c,  d) ; these differences are visually apparent between average songs from these regions (Fig. 3oep ). The pitch of chipping sparrow songs also correlated with longitude, with most frequency measures being higher in the Eastern recordings (Fig. 3iel ). It is not surprising that our findings differ from those of Borror's (1959) study, which only included geographical comparisons between songs of similar pattern, reducing the sample to eight songs from Maine and Ohio, both classified as Eastern in our analysis. Furthermore, we classified the set of chipping sparrow songs into unique syllable types and examined the prevalence of different Western (178) Middle (50) Eastern (582)   33  36  30  25  47  46  28  26  34  27  45  29  21  24  31  35  39  23  37  38  43  22  32  41  76  40  44  42  79  80  81  89  91  100  112  56  48  60  62  59  54  50  57  61  53  55  51  58  49  64  52  63  90  1  7  8  3  4  9  6  2  10  5  11  86  92  97  16  13  14  18  17  15  19  12  20  82  87  101  102  108  67  65  66  72  71  69  70  73  74  68  77  93  103  105  106  109  75  78  83  84  85  88  94  95  96  98  99  104  107  110  111 Southern (10) Region (total no. of recordings) Western (178) Middle (50) Eastern (582) material 1, Fig. S8 ) coloured by the region of the recordings. The syllable types are first ordered from most common to least common syllable category (up-down, buzz, down-up, sweep, double, complex) and then ordered within category by the syllable type with the most recordings. An example syllable shape is shown for each syllable category. (b) The percentage of a syllable category in each region, rescaled such that the percentages for each region sum to 100. (Syllable types are not shown.) syllable types over the species' geographical range. We found that the syllable types could be grouped into six syllable categories, all of which were represented in both Eastern and Western U.S./ Canada; however, certain syllable categories were more common in different regions (Fig. 4) . For example, the most common syllable category in the Eastern U.S./Canada was up-down and the most common syllable category in the Western U.S./Canada was buzz.
Our song results are consistent with two possible scenarios: either (1) the song characteristics of the two putative chipping sparrow subspecies are distinct, with S. p. arizonae performing syllables at a faster pace and lower frequency and S. p. passerina performing syllables at a slower pace and higher frequency, or (2) there is a clinal gradient in several song features, with gradual song changes from east to west (Fig. 3) . These two possibilities would be distinguishable with more recordings from the middle of the United States and Canada, and we encourage citizen scientists in those areas to contribute song recordings to public databases. Nevertheless, we can reject the null hypothesis that chipping sparrow songs are not differentiated across their migratory range.
Our finding that chipping sparrow songs are differentiated by both syllable rate and mean frequency range follows the predictions of the song performance literature: physiological constraints suggest a trade-off between repetition rate and frequency bandwidth across numerous species (Ballentine, 2004; Podos, 1996 Podos, , 1997 , such that it is possible for a syllable to sweep a larger frequency space if the syllable is repeated more slowly. This performance trade-off has even been shown to occur in chipping sparrows (Goodwin & Podos, 2014) . Thus, our results hint that Eastern and Western chipping sparrows are occupying different portions of the species' song-performance space: Eastern chipping sparrows navigate the song-performance trade-off by generally having a slower syllable rate (fewer, longer syllables) and a larger frequency range, whereas Western chipping sparrows distinguish themselves with a faster syllable rate but a smaller frequency range.
Furthermore, there are differences in song that have been associated with differences in morphology e birds with larger beaks tend to have decreased trill speeds and smaller frequency ranges (Huber & Podos, 2006; Podos, 1997 Podos, , 2001 . We note that the two weakly demarcated subspecies of chipping sparrows in the United States and Canada are genetically indistinguishable with available data (Clements et al., 2019; Middleton, 1998; Zink & Dittmann, 1993) . The subspecies S. p. arizonae (which roughly corresponds to our Western recording category) are said to be larger than S. p. passerina (which roughly corresponds to our Eastern recording category) (Floyd, 2008) . If we were to assume Western chipping sparrows also have larger beaks, we would expect to see a decrease in their frequency range and trill speeds compared to Eastern chipping sparrows; however, the Western population has decreased frequency range and increased trill speeds (shorter syllables and shorter intersyllable silences). This raises the interesting possibility that Western chipping sparrows may have larger bodies but similarly sized (or smaller) beaks than Eastern chipping sparrows, warranting additional investigation. Alternatively, Eastern chipping sparrows could be singing slower than the limits of their performance capabilities.
Overall, our results suggest that longitude is a salient factor when studying the cultural changes in chipping sparrow songs. We note, however, that this analysis does not have the resolution to test which factors may have driven these changes, such as whether these song differences can be attributed to stochastic cultural drift, whether habitat and body size factors differ systematically between these two populations, or whether sexual selection pressures differ, favouring fast-paced and lower-frequency songs in the west and slower, higher-frequency songs in the east. A first step to determining which factors lead to song divergence would be to test chipping sparrow responses to playbacks with characteristics of both Eastern and Western songs. For example, if individuals respond more strongly to their own regional song (or songs that have been modified to have regional song characteristics, such as syllable rate or frequency) than to songs of another region, it would suggest that individuals can discriminate between songs based on these regionally varying properties, and that behavioural differences may play an active role in maintaining spatial patterns (Derryberry, 2011; Martens, 1996; Searcy, Nowicki, & Hughes, 1997) . This would also aid in determining whether there are discrete boundaries in song preference between the putative subspecies or whether there is a gradient in song preference across the country.
We attempt to contextualize our results by evaluating population-level song structure alongside genetic variation to best address evolutionary patterns in chipping sparrows. If cultural variation is acting as a reproductive isolation mechanism, then genetic differentiation should increase as cultural differentiation increases (Creanza et al., 2015) . To test whether our Eastern versus Western patterns in song correspond to similar patterns of genetic variation, we reanalysed the publicly available genetic data sets, which included mtDNA CR and COI sequences, across longitudes in the United States and Canada. Our results indicate that there is no significant correlation between genetic and geographical distance for samples from the United States and Canada ( Table 2, Mantel test) . Conducting an AMOVA further determined that there was no genetic population structure between the Eastern and Western U.S./Canada ( Table 2 ). Although we observe significant song divergence across the geographical range of the migratory population of chipping sparrows, we do not see corresponding genetic differentiation.
It is important to note that, while mitochondrial DNA has proven useful in many phylogeographical studies (Alvarez, Salter, McCormack, & Mil a, 2016; Barreira, Lijtmaer, & Tubaro, 2016; Campagna et al., 2010; Hung, Drovetski, & Zink, 2016; Lait & Hebert, 2018; Licona-Vera & Ornelas, 2017; Barreira, Hebert, & Tubaro, 2011; Stoeckle & Kerr, 2012; Valentini, Pompanon, & Taberlet, 2009; Williford, Deyoung, Honeycutt, Brennan, & Hern andez, 2016) , mtDNA is not perfectly suited to evaluating geographical structure in recently isolated or partially connected populations, such as in intraspecies studies (Balloux & Lugon-Moulin, 2002; Hung et al., 2016) . Thus, since the chipping sparrow population continuously spans North and Central America, it would be best to use genome sequences to provide greater resolution. However, since there are only two nuclear DNA sequences (GenBank accession FJ376498 and KJ910331) and one sequenced genome (Zhang et al., 2015) in the public repositories for chipping sparrows, we used the numerous previously collected mtDNA CR and COI sequences to contextualize our results with a call for future studies to collect and analyse nuclear DNA. Therefore, the genetic context in which we try to evaluate the cultural evolution of chipping sparrow song is not conclusive but does suggest that either the population diverged too recently to detect genetic change, or it is a panmictic population. Another possible caveat of using mitochondrial versus nuclear DNA is that it is maternally inherited, whereas song is passed along through the paternal line in chipping sparrows. Thus, if one sex is more philopatric than the other, this could cause differences in the population structure seen in genes versus song. Along with nuclear DNA collection, we suggest that studies of migratory patterns would help to clarify the lack of genetic variation in the migratory population. If our result, that there is little mitochondrial genetic differentiation across migratory chipping sparrows, is supported by genome-scale data, it raises the question of what process is taking place to maintain a genetically well-mixed population with cultural population structure. Several patterns of seasonal migration and site fidelity could lead to our observed results. For example, if individuals settled far from their previous territory with each seasonal migration event, and could not alter their song, this would lead to both a genetically and culturally well-mixed population. However, from previous studies of chipping sparrow song development, we know that it is possible for chipping sparrows to change their song during their first breeding season but not during subsequent breeding seasons (Liu & Kroodsma, 1999; Liu & Nottebohm, 2007) . This song modification after the first migration enables an individual male to adjust his song to be similar to the song of nearby conspecifics (Liu & Kroodsma, 2006) , culturally matching his local area even if his genetic relatives are far away. Thus, if a chipping sparrow male migrates to a completely new location in his first spring, modifies his song, and then returns to that general area in subsequent seasonal migrations, it would still be possible for cultural variation to become structured across large geographical scales while the genetic population becomes well mixed. We found the migratory population of chipping sparrows in U.S./Canada to be culturally structured but genetically well mixed in mitochondrial variation, which is consistent with a pattern in which long-distance seasonal migration is less faithful to natal location in the first migration than it is to a subsequent migration location once the bird has established an adult territory. We note, though, that we found very little mitochondrial genetic variation in chipping sparrows in the U.S./Canada, with numerous samples across this range having an identical haplotype. These low levels of genetic variation are consistent with a very recent divergence of Eastern and Western populations, since cultural differences can accumulate more quickly than genetic differentiation. Furthermore, since there are minimal studies on chipping sparrow migration and dispersal (Liu & Kroodsma, 2006) , additional studies using Argos satellite tracking or geolocators (e.g. in other sparrows; Cormier, Humple, Gardali, & Seavy, 2016; Fraser et al., 2018; Ross, Bridge, Rozmarynowycz, & Bingman, 2014; Seavy, Humple, Cormier, & Gardali, 2012) could determine the likelihood that chipping sparrows migrate to entirely new locations and whether the probability of these events differs with the age of the bird.
Even though chipping sparrows have been observed to match a neighbour's syllable type after their first migration (Liu & Kroodsma, 2006) , we found extensive local syllable-type diversity in both Eastern and Western regions. If territorial adult males fail to successfully breed on a certain territory, they are likely to abandon that territory and disperse a few miles or more to resettle in a new territory (Liu & Kroodsma, 2006) , potentially playing an important role in supporting local song diversity. Because their song will not change after the first breeding season, these males, after abandoning their previous territory and settling a new territory, will be less likely to share a syllable type with their new neighbours. However, this dispersal event is likely to occur within a few miles, whereas the potential change in territory location during the first seasonal migration could be much greater; therefore, small changes in territory location would increase local diversity of syllable types but would not disrupt the regional similarity in song features such as syllable durations and frequencies.
Overall, we demonstrate that long-range geographical patterns can be uncovered using analyses of spatially well-distributed citizen science recordings, even in species with high levels of shortrange song variability and no discernible genetic differentiation. Furthermore, our results suggest a complex landscape of cultural variation in chipping sparrows: local syllable diversity and longrange cultural differentiation with no accompanying mitochondrial genetic population structure. Taken together, our work motivates the need for more complete genetic studies of chipping sparrows to determine whether the Eastern and Western populations, which exhibit song differences, are also showing early stages of genetic divergence. This would provide support for the subspecies classifications. Additionally, our results suggest that the chipping sparrow is an ideal species for tracking migratory behaviour and studying the role of dispersal in shaping geographical patterns of song. Lastly, we encourage the use of citizen science data to assess song variation, particularly in species that have been the subject of multiple field studies, to extend and situate the results within the species' larger geographical range.
Data Availability
All scripts and input files for statistical analyses can be found at http://github.com/CreanzaLab/ChippingSparrows. Documentation and code for Chipper can be found at http://github.com/ CreanzaLab/chipper. For the catalogue numbers, databases, recordists, URLs and licenses for the 820 song files, see Supplementary material 2. For the metadata including recording latitudes and longitudes and the 16 song features (all logtransformed except mean stereotypy of repeated syllables and the standard deviation of note frequency range), see Supplementary material 3.
